␣11␤1 integrin constitutes a recent addition to the integrin family. Here, we present the first in vivo analysis of ␣11 protein and mRNA distribution during human embryonic development. ␣11 protein and mRNA were present in various mesenchymal cells around the cartilage anlage in the developing skeleton in a pattern similar to that described for the transcription factor scleraxis. ␣11 was also expressed by mesenchymal cells in intervertebral discs and in keratocytes in cornea, two sites with highly organized collagen networks. Neither ␣11 mRNA nor ␣11 protein could be detected in myogenic cells in human embryos. The described expression pattern is compatible with ␣11␤1 functioning as a receptor for interstitial collagens in vivo. To test this hypothesis in vitro, full-length human ␣11 cDNA was stably transfected into the mouse satellite cell line C2C12, lacking endogenous collagen receptors. ␣11␤1 mediated cell adhesion to collagens I and IV (with a preference for collagen I) and formed focal contacts on collagens. In addition, ␣11␤1 mediated contraction of fibrillar collagen gels in a manner similar to ␣2␤1, and supported migration on collagen I in response to chemotactic stimuli. Our data support a role for ␣11␤1 as a receptor for interstitial collagens on mesenchymally derived cells and suggest a multifunctional role of ␣11␤1 in the recognition and organization of interstitial collagen matrices during development.
INTRODUCTION
Cellular interactions with the extracellular matrix (ECM) are important for fundamental biological processes such as cell proliferation, cell differentiation, cell migration, apoptosis, morphogenesis, and organogenesis. Integrins are one family of proteins mediating cell-ECM interactions, and many members have proven essential for embryonic development (Brakebusch et al., 1997; Hynes, 1996; Sheppard, 2000) . Integrins are heterodimeric transmembrane receptors consisting of noncovalently assembled ␣ and ␤ subunits (Hynes, 1992) . To date, 8 different ␤ and 18 different ␣ subunits, which can assemble into 24 different heterodimers, are known (Velling et al., 1999) .
Collagens are major constituents of various types of specialized ECM. Until recently, only two members of the integrin family, ␣1␤1 and ␣2␤1, were known to act as collagen receptors. More recently, ␣10␤1 (Camper et al., 1998) and ␣11␤1 (Velling et al., 1999) have been added to this subfamily of collagen-binding integrins. The ␣3␤1 integrin, initially described as a collagen receptor (Wayner and Carter, 1987) , has later been shown to serve as an important laminin-5 receptor (Carter et al., 1991) . Genetic data, however, have indicated that ␣3␤1 can affect the activity of the collagen receptor ␣2␤1 through receptor cross-talk (Hodivala-Dilke et al., 1998) .
The distribution of the ␣1␤1 and ␣2␤1 in vivo has been studied in detail. During embryonic development, ␣1␤1 and ␣2␤1 are widely expressed (Duband et al., 1992; Gardner et al., 1996; Wu and Santoro, 1994) . Postnatally, the ␣1 chain is strongly expressed on microcapillary endothelium and pericytes as well as in smooth muscle cells (Voigt et al., 1995) . The ␣2 chain is present on platelets, haematopoetic cells, and a variety of epithelia (Gardner et al., 1996; Keely et al., 1995; Wu and Santoro, 1994) . Both ␣1 and ␣2 are present on fibroblasts (Voigt et al., 1995; Wu and Santoro, 1994) .
The ligand specificities of ␣1␤1 and ␣2␤1 differ for collagens I, IV, and XIII (Dickeson and Santoro, 1998; Kapyla et al., 2000; Kern et al., 1994; Nykvist et al., 2000; Tuckwell et al., 1996) . Whereas the binding of the interstitial collagen I by ␣1␤1 and ␣2␤1 involves helical GFOGER and related sequences (Knight et al., 1998 (Knight et al., , 2000 Xu et al., 2000) , the ␣1␤1 binding of the basement membrane collagen IV involves specific R and D residues present on different collagen ␣-chains (Eble et al., 1993; Golbik et al., 2000) . The residues in collagen XIII recognized by ␣1␤1 have not been identified. Neither the exact collagen specificity of ␣10␤1 and ␣11␤1 nor the regions within collagens recognized by ␣10␤1 and ␣11␤1 are known.
An important in vivo function of cell-collagen interactions is to reorganize the collagen matrix within developing tendons, ligaments, periosteum, capsules of organs, and in healing wounds (Harris et al., 1981; Stopak and Harris, 1982) . The ability of cells to contract three-dimensional collagen matrices in vitro reflects their potential to modulate a collagen-rich matrix. ␣2␤1 serves as a major ␤1 integrin receptor involved in contraction of collagen gels (Klein et al., 1991) , whereas the ability of ␣1␤1 to contract collagen gels seems to depend on the cell type (Carver et al., 1995; Gotwals et al., 1996; Jenkins et al., 1999; Kagami et al., 1999; Racine-Samson et al., 1997) . For some cell types, an ␣v␤3-dependent contraction of collagen gels has been observed (Agrez et al., 1991; Cooke et al., 2000; Jones et al., 1997; Nunohiro et al., 1999) . Induction of collagenases leading to denaturation of collagen or deposition of RGDcontaining ligands has been suggested to underlie the ␣v␤3-dependency of this contraction.
The biological significance of cell-collagen interactions during development and in adult tissues is still far from clear. Mice deficient in ␣1 integrin chain are viable, but display a proliferation defect and a disturbed regulation of collagen synthesis in skin fibroblasts (Gardner et al., 1996 (Gardner et al., , 1999 Pozzi et al., 1998) . Tumor angiogenesis is also defective in mice lacking ␣1 integrin chain (Pozzi et al., 2000) . Data from inactivation of ␣2, ␣10, and ␣11 integrin genes in mice are not yet available.
␣11␤1 was first identified as a major integrin in cultured skeletal muscle cells (Gullberg et al., 1995b; Velling et al., 1999) . During myogenic differentiation in vitro, the ␣11 chain is up-regulated at both the protein and the mRNA levels. Analysis of mRNA from a panel of adult human tissues reveals expression of ␣11 in a wide variety of tissues with the highest level of expression in uterus, followed by heart and skeletal muscle (Velling et al., 1999) . However, neither the cellular origin of the ␣11 mRNA in these tissues nor the expression pattern of ␣11 during development is known.
In the current study, we have determined ␣11 protein and mRNA expression in human embryos and have performed in vitro studies of cell adhesion, cell migration, and collagen gel contraction. The distribution pattern shows that ␣11 during embryonic development displays a restricted expression on mesenchymal nonmuscle cells in areas of highly organized interstitial collagen networks. The restricted distribution suggests that ␣11 is under strict transcriptional control and might be one of the sought-after cell adhesion genes acting downstream of scleraxis, involved in prefiguring the axial and appendicular skeleton. The in vitro data show that ␣11␤1 can take part in collagenmediated events such as cell migration, collagen deposition, and collagen reorganization, suggesting that ␣11␤1 in vivo could fulfill these important functions and play an important collagen organizing role during cartilage, intervertebral disc, and cornea organogenesis.
Embryos
Morphologically normal human embryos (aged from 4 to 8 postovulatory weeks) were obtained from abortions induced by Mifepristone (RU486) at Hopital Broussais in Paris. All procedures were approved by the Ethical Committee of Saint-Vincent de Paul Hospital in Paris. Each sample was first examined macroscopically during dissection under a stereo-microscope; the developmental stage of the embryos was determined by using established criteria. Embryos were collected shortly after delivery and frozen within the first 24-h postmortem on dry ice and stored at Ϫ80°C until used. Seven-micron-thick cryostat sections were mounted on slides previously coated with a 2% 3-aminopropyl-triethoxysilane solution in acetone. For in situ hybridization, sections were postfixed for 20 min in 2% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) at room temperature, rinsed (once for 2 min) in phosphate buffer, rinsed briefly in water, and dehydrated with a series of washes in ethanol solutions (50, 75, 100%) . Sections were then air-dried and finally stored at Ϫ80°C.
In Situ Hybridization
Precipitated antisense riboprobe derived from 3Ј end of integrin ␣11 cDNA sequence (nt 2130 -3893; Velling et al., 1999) was labeled with [␣- 33 P]UTP (Dupont-Nemours) using T7 RNA polymerase (Promega). Control sense riboprobe was synthesized on the opposite strand with the T3 RNA polymerase. In situ hybridization medium contained 50% formamide, 0.3 M NaCl, 1ϫ Denhardt's solution, 0.5 mg/ml tRNA, 10% dextran sulfate, 20 mM Tris (pH 7.4), 5 mM EDTA (pH 8.0), and [␣-
33 P]UTP-labeled riboprobe (5 ϫ 10 4 cpm/l). After denaturation, 100 l of hybridization solution was deposited on each slide, covered with a coverslip, and incubated in a humidified chamber at 55°C overnight. After hybridization, the sections were washed, once for 30 min at 42°C in 5ϫ SSC, once for 20 min at 60°C in 2ϫ SSC containing 50% formamide, once for 40 min at 37°C in 1ϫ washing solution containing 20 mg/ml RNAse A, once for 15 min at 37°C in 1ϫ washing solution, once for 15 min at 37°C in 2ϫ SSC, and finally once for 15 min at 37°C in 0.1ϫ SSC. Sections were then dehydrated with a series of graded concentrations of ethanol and exposed to Kodak Biomax-MR films for 7 days or dipped in Kodak NTB-2 nuclear track emulsion and exposed up to 1 month prior to development.
Indirect Immunofluorescence
Cells cultured on coverslips were washed in serum-free medium and fixed for 2 min in methanol at Ϫ20°C. Nonspecific binding sites were blocked by incubating with 10% goat serum (Statens veterinä rmedicinska anstalt, Uppsala) diluted in phosphate buffered saline (PBS). Primary antibodies were incubated with fixed cells for 1.5 h at 37°C. Bound antibodies were detected using Cy3-conjugated goat anti-rabbit IgG (Jackson ImmunoResearch).
Cryosections were left unfixed prior to blocking of nonspecific binding sites with goat serum. For double immunofluorescence, sections were incubated with both primary antibodies simultaneously. Bound antibodies were detected by using a mixture of Cy3-conjugated goat anti-rabbit IgG and FITC-conjugated goat anti-rat IgG (Jackson, multiple labelling grade).
Stained cells and tissue sections were mounted in Vectashield mounting medium (Vector Laboratories Inc.), visualized, and photographed under a Zeiss Axiophot microscope equipped with optics for observing fluorescence.
Immunoprecipitation and Electrophoresis
Cell cultures were washed three times in DMEM medium devoid of cysteine and methionine and metabolically labeled overnight in the presence of 25 Ci/ml of 35 S methionine/cysteine (pro-Mix [
35 S] cell labeling mix; Amersham Pharmacia Biotech). Proteins were extracted from the tissue culture dishes by the addition of 1 ml of solubilization buffer (1% Triton X-100, 0.15 M NaCl, 20 mM Tris-HCl, pH 7.4, 1 mM MgCl 2 , 1 mM CaCl 2 ) containing protease inhibitors (1 mM Pefabloc SC; Roche Diagnostics), 1% aprotinin, 1 g/ml pepstatin, 1 g/ml leupeptin). Solubilized proteins were centrifuged for 10 min at 15,000g. The centrifuged supernatant was precleared by incubating with preimmune IgG 100 g/ml and protein A-Sepharose CL 4B (Pharmacia Biotech AB) for 2 h. Following centrifugation, immune IgG was incubated with the extract for 2 h. Specifically bound proteins were recovered with protein A-Sepharose. The precipitate was washed three times with buffer A (1% Triton X-100, 0.5 M NaCl, 20 mM Tris-HCl, pH 7.4, 1 mM MgCl 2 , 1 mM CaCl 2 ), three times with buffer B (0.1% Triton X-100, 0.15 M NaCl, 20 mM Tris-HCl, pH 7.4, 1 mM MgCl 2 , 1 mM CaCl 2 ) prior to solubilization in electrophoresis sample buffer. Proteins were separated on 6% SDS-polyacrylamide gels and processed for fluorography.
Generation of ␣11 Full-Length cDNA
A full-length ␣11 cDNA was generated by joining clones 1.1 (nt 37-917) and 2.1 (nt 361-3747) (Velling et al., 1999) via an overlapping ApoI site. Briefly, clone 1.1 was excised with ApoI and placed in a pUC19 vector modified to lack the EcoRI/ApoI site. A fragment encompassing nt 740-3747 was excised from clone 2.1 and ligated into the ApoI site of clone 1.1 creating a full-length cDNA (nt 37-3747) followed by an untranslated repeat of nt 740 -917. The full-length cDNA (including the repeat nucleotides) was inserted into the pBJ-1 expression vector (Takebe et al., 1988) and used for transfection.
Transfection
C2C12 cells, cultured in a 25-cm 2 culture flask to 80% confluency, were transfected with 5 g ␣2-pBJ-1 (Kamata et al., 1994) and ␣11-pBJ-1 constructs using Superfect (Qiagen) according to the protocol of the manufacturer. The ␣2-pBJ-1 (Kamata et al., 1994) and ␣11-pBJ-1 DNA constructs were co-transfected with the PGK puro vector (Skerjanc et al., 1994) at a ratio of 10:1 and clones were selected in 10 g/ml of puromycin. Individual clones were isolated either by limiting dilution in microtiter plates (C2C12-␣11ϩ), or by colony picking from petri dishes. Selected clones were further assayed for ␣2 and ␣11 expression with immunoprecipitation and immunohistchemistry using specific antibodies for ␣2 and ␣11.
Cell attachment assay
Twenty-four-well cell culture plates (Nunc) were coated with ligands (500 l to a 2-cm 2 well) diluted in PBS over night at 4°C, followed by blocking with 2% BSA in PBS for 1 h at 37°C and then washed in PUCK's saline (137 mM NaCl, 5 mM KCl, 4 mM Na 2 CO 3 , 5.5 mM D-glucose, equilibrated with 5% CO 2 at 37°C). Ligands used were: collagen type I (Vitrogen), collagen type IV (Sigma), and human plasma fibronectin (provided by S. Johansson, Uppsala University). Wells were filled with PUCK's saline and MgCl 2 ϩ CaCl 2 was added to obtain a final concentration (after addition of cells) of 2 mM MgCl 2 and 0.01 mM CaCl 2 . For cation-dependency assays, only one type of cation was added at various concentrations. Cells were trypsinized and washed four times in PUCK's saline, and seeded into the wells at a concentration of 250,000 cells/well, and were allowed to attach for 45 min at 37°C and 5% CO 2 . Wells were washed three times in PUCK's saline and plates were rapidly frozen at Ϫ20°C for later assay by using the hexoseaminidase test as follows: Attached cells were lysed in 200 l S-solution (3.75 mM p-nitrophenol-N-acetyl-␤-Dglucoseamide, 0.1 M sodium acetate, pH 5, and 0.25% Triton X-100) was added. The plates were incubated at 37°C for a minimum of 2 h. Fifty microliters of the cell lysates were transferred to a mictrotiter plate (Nunc) and mixed with 75 l developing buffer (4.5 mM EDTA and 45 mM glycine, pH 10.4). The absorbance at 405 nm was read and used as a measure of cell number. For each cell line used, a cell number standard was made. Each experiment was performed in triplicates. In order to minimize errors from unequal trypsinization stress between cell lines and handling of plates, etc., data were normalized as follows: For each plate, the adhesion to fibronectin (10 g/ml) was used as 100% reference and the background found on BSA-only-coated wells were used as a 0% reference. In all tests, the magnitude of absolute measurements between fibronectin and BSA was always greater than 100:1.
Cell Migration
Cell migration was assayed by using Transwell plates (Costar No. 3422) with a polycarbonate membrane (8-m pores) separating the upper and lower chambers. Membranes were coated with collagen type I (100 g/ml) in PBS overnight at ϩ4°C. Thirty thousand cells in MCDB 104 (100 l) were added to the upper chamber and MCDB 104 (Statens veterinä rmedicinska anstalt, Uppsala) (600 l) to the lower. Where indicated, 10 ng/ml PDGF-BB or 10% FCS was added to the lower or both chambers to evaluate chemotactic as well as chemokinetic responses. The cells were allowed to migrate for 4 h at 37°C in 5% CO 2 . After washing, the cells were fixed in methanol for 10 min at room temperature and then stained with Mayer's Hematoxyline. Cells on the upper surface of the membrane were removed and the membranes were cut out and mounted on glass slides. Cells that had migrated were quantified by counting the transmigrated cells in seven measuring fields of the membrane.
Collagen Gel Contraction
The collagen gel contraction assay has been described previously (Gullberg et al., 1990) . In summary, 96-well dishes (Nunc, Roskilde, Denmark) were coated with sterile BSA (2% in PBS) overnight at 4°C and then washed in sterile PBS. A collagen solution was made up from five parts double concentrated MCDB 104, one part 0.2 M Hepes, pH 8.0, and four parts collagen type I (Vitrogen 100, 3 mg/ml). Trypsinized cells were washed in MCDB 104 containing 0.02% FBS and diluted to 1,000,000 cells/ml. Cells were mixed with the collagen solution to a final concentration of 100,000 cells/ml and 1.1 mg collagen/ml. To each well, 100 l cell/collagen suspension was added and gels were allowed to form for 1 h at 37°C. MCDB 104 (100 l), with or without modulating factors, was ejected into the wells to detach the gels. The gels were further incubated at 37°C. Gel diameters were measured under the microscope at indicated time points.
RESULTS

␣11 Protein and mRNA Expression Patterns in Human Embryos
Six-week human embryo. In situ hybridization of sections of 6 weeks of gestation (wg) human embryo showed a distinct signal (Fig. 1) . In the section shown in Fig. 1 , the ␣11 in situ signal appeared around cartilage anlagen including forming ribs and the distal parts of the limbs (Fig. 1) . At 6 weeks, primary myogenesis is ongoing and immature FIG. 1. ␣11 integrin mRNA distribution at 6 weeks of gestation. Composite of in situ hybridization for ␣11 integrin mRNA on a sagital section of a human embryo from 6 weeks of gestation. ␣11 integrin mRNA is strongly expressed around cartilage in ribs and in the hindlimb. Arrows point to signal around ribs and forming cartilage in limbs. Asterisk marks nonspecific signal in the eye, also present in control slide hybridized with sense probe.
primary myotubes are present, but no ␣11 transcripts were found in muscle tissues.
Eight-week human embryo. In the sections from 8 wg embryos (Fig. 2) , ␣11 mRNA was transcribed at high levels in areas around forming ribs (Figs. 2A and 2B), around forming vertebrae, and in the intervertebral discs (Figs. 2A and 2C) . As in the 6-week embryo section, no ␣11 transcription could be detected in myogenic cells. Fig. 3 shows a composite of a section from an 8-week-old embryo immunostained for ␣11 integrin. The strongest sites of ␣11 expression were found in cells surrounding forming ribs, vertebrae, and in intervertebral discs. A separate embryo section showed a strong signal for ␣11 in keratocytes of the cornea (Fig. 4A) . Closer examination showed that around ribs ␣11-positive cells appeared as aligned, stretched, fibroblast-like cells in close proximity to forming cartilage (Fig. 4B) . To determine ␣11 expression in relation to cartilage, sections were double stained with antibodies to collagen II. Cells in areas around collagen II-positive cartilage in the forelimb expressed ␣11 (Fig. 4C) . In the intervertebral discs, ␣11-positive cells were not in contact with the cartilage-produced collagen II (Fig. 4D) . A mutually exclusive pattern of ␣11 integrin chain and collagen II expression at sites of cartilage formation was thus observed and ␣11 integrin chain was mainly found in mesenchymal cells outside the forming cartilage.
Presence of ␣11␤1 Integrin on Mesenchymal Cells in Vitro
An ␣11 integrin cytoplasmic tail-specific antibody (Velling et al., 1999) was used to assay a number of human primary cells and cell lines for ␣11 expression. 1518 human foreskin fibroblasts (Fig. 5A) and to a lesser degree keratocytes and HT1080 fibrosarcoma cells (data not shown) expressed the ␣11␤1 integrin, giving further evidence for an expression of ␣11 largely restricted to mesodermally derived cells. In the human satellite cells XXVI, ␣11␤1 is the dominating collagen-binding integrin (Velling et al., 1999) , whereas, in the 1518 fibroblasts, ␣2␤1 integrin was expressed at the highest level (Fig. 5A) . Interestingly, 16 h treatment with TGF-␤1 (2 ng/ml) did not cause induction of ␣11 protein in 1518 fibroblasts or HT1080 fibrosarcoma cells (data not shown). Human foreskin fibroblasts localized ␣11 to focal contacts on collagen throughout the cell, similar to ␣2 integrin chain, whereas ␣1 integrin was more restricted and confined to cell edges (Fig. 5B) . In long-term cultures, prominent ␣11 localization to matrix contacts on the dorsal surface of cells was seen (Fig. 5B) .
Generation of Cell Lines Expressing ␣2␤1 or ␣11␤1 Integrin Collagen Receptors
␣11␤1-mediated cell-collagen interactions were studied by using the well-characterized C2C12 mouse satellite cell line. C2C12 cells did not adhere to, or migrate on, collagen I (see Figs. 7 and 9 below). Immunoprecipitation with a polyclonal antibody to ␤1 integrin chain and SDS-PAGE analysis of immunoprecipitates from C2C12 cells did not identify either the ␣1 or ␣11 chains nor any other ␣-chain showing an upward shift in SDS-PAGE upon reduction (a feature of I domain ␣ chains) (Fig. 6 , lane 1, and data not shown). In agreement with the cell attachment data, we thus failed to detect endogenous collagen binding integrins in C2C12 cells. Full-length human ␣2 and ␣11 integrin construct were stably transfected into C2C12 cells and high expressing clones were selected. Immunoprecipitation analysis of metabolically labeled ␣2 (C2C12-␣2ϩ) and ␣11 (C2C12-␣11ϩ) expressing cell lines are shown in Fig. 6 , lanes 3-11. The incorporation of 35 S Met and 35 S Cys is predicted to be similar since ␣2 integrin contains 18 cysteines and 22 methionines and ␣11 contains 20 cysteines and 18 methionines. Expression levels of ␣2 and ␣11 on the respective clones were estimated by immunoprecipitation with a ␤1 antibody and analysis of unreduced and reduced samples by SDS-polyacrylamide gel electrophoresis. Slightly less ␣11 chain in comparison with ␣2 chain coprecipitated with the ␤1 chain (Fig. 6, lanes 8 and 10) .
Comparison of Cell Adhesion in Cell Lines Expressing ␣11␤1 Integrin
In all further studies, cells expressing ␣11␤1 as sole collagen receptor (C2C12-␣11ϩ) were compared with cell lines expressing ␣2␤1 as the only collagen receptor (C2C12-␣2ϩ). Efficient cell adhesion to collagen I-coated plates was reached at a ligand concentration of 1 g/ml for both C2C12-␣2ϩ and C2C12-␣11ϩ cells (Figs. 7A and 7B ). Both C2C12-␣2ϩ and C2C12-␣11ϩ cells adhered considerably better to collagen I, compared with collagen IV, especially when coated at concentrations below 1 g/ml (Figs. 7A and 7B). Untransfected C2C12 cells failed to bind to either collagen (Fig. 7B) . Test of ion-dependence showed maximum cell adhesion to collagen I of C2C12-␣2ϩ and C2C12-␣11ϩ cells in the presence of 1 mM Mg 2ϩ , whereas Ca 2ϩ failed to support adhesion (Figs. 7C and 7D ). Analysis of C2C12-␣11 cells on collagen I and collagen IV revealed prominent positive protrusions and focal contacts in freshly adhered cells, which were not seen in cells cultured on fibronectin (data not shown).
Ability of ␣11␤1 to Mediate Collagen Gel Contraction and Cell Migration
To determine whether ␣11␤1 is involved in cell migration and is able to mediate reorganization of collagen matrices, C2C12, C2C12-␣2ϩ, and C2C12-␣11ϩ cells were tested in chemotaxis and collagen gel contraction assays. We have previously determined that fetal bovine serum and PDGF can induce ␤1 integrin-mediated collagen gel contraction (Gullberg et al., 1990) . In this first analysis of the ability of ␣11␤1 to mediate cell migration and collagen gel contraction, we chose to limit our analysis to these reagents.
C2C12-␣11␤1 cells mediated collagen gel contraction almost as efficiently as C2C12-␣2ϩ cells (Figs. 8B and 8C) . Interestingly, the parental cell line C2C12 lacking all collagen receptors also contracted the collagen gels (Fig. 8A) , although this contraction was delayed and weaker in comparison with C2C12-␣2ϩ and C2C12-␣11ϩ cells. Both PDGF-BB and serum stimulated ␣2␤1-and ␣11␤1-mediated collagen contraction, with PDGF-BB consistently being a slightly more potent stimulator of ␣11␤1-mediated contraction in comparison with 10% fetal bovine serum (Fig. 8C) .
FIG. 3. ␣11 integrin protein distribution at 8 weeks of gestation.
Composite of immunohistochemical staining of sagital section of human embryo at 8 wg. Note high levels of ␣11 protein around vertebrae (arrows), in intervertebral disc (asterisks), around ribs (thin arrows), and around forming cartilage in the distal limb (arrowhead).
In a chemotaxis assay, ␣11␤1 mediated a migratory response to PDGF-BB and serum in a collagen-coated filter. In the random migration assays, the C2C12-␣11ϩ cells displayed a stronger chemotactic response to PDGF compared to 10% FBS. The C2C12-␣2ϩ cells, on the other hand, responded more strongly to serum than to PDGF (Fig. 9) .
DISCUSSION
␣11 Expression in Mesenchymal Nonmuscle Cells in Vivo and in Vitro
The sites of the strongest ␣11 expression in human embryonic tissues are areas adjacent to forming cartilage. ␣11 protein is prominently expressed in cells around ribs, vertebrae, and in intervertebral discs. Hyaline cartilage is surrounded by perichondrium, composed of an inner layer of cells with chondrogenic potential which take part in appositional growth. Outer perichondrium is composed of cells in a transition zone adjacent to surrounding mesenchymal cells. Morphologically, it is difficult to distinguish perichondrium from surrounding connective tissue. The interstitial collagens I/III are expressed in surrounding mesenchyme and perichondrium (Aszodi et al., 1998; Cheah et al., 1991; Hamada et al., 1995) . Based on the nonoverlapping staining pattern of collagen II and ␣11, it appears that ␣11␤1 is expressed in the region just outside the cartilage in perichondrium and/or the mesenchymal cells outside the perichondrium. This localization is compatible with a role of ␣11␤1 in cartilage repair (Long and Linsenmayer, 1998) .
The basic helix-loop-helix transcription factor scleraxis is expressed in forming mesoderm and later prefigures the forming skeleton (Cserjesi et al., 1995) . Inactivation of the scleraxis gene has revealed a dual role in mesoderm formation and chondrogenesis in axial cartilage and ribs (Brown et al., 1999) . It has been suggested that some of the downstream target genes for scleraxis are cell adhesion receptors (Brown et al., 1999) . The expression data suggest that ␣11 is expressed in a manner compatible with regulation by scleraxis. The presence of numerous E-boxes containing core The intervertebral disc is a composite structure composed of an outer annulus fibrosus of sclerotomal origin, allowing twisting of the spine, and an inner nucleus pulposa, derived from notochord, that resists compressive forces (Humzah and Soames, 1988; Rufai et al., 1995) . Recent studies of mice devoid of collagen II have clarified the mechanism whereby intervertebral discs form (Aszodi et al., 1998) . The growing cartilage of vertebrae causes the notochord to bulge into primordial intervertebral discs. In the absence of cartilage, no bulging of the notochord occurs and no intervertebral discs form. The annulus fibrosus is composed of an outer part containing annulus fibroblasts and lamellae of ordered collagen I/III bundles anchored to cartilage endplates of vertebral bodies. The inner part is fibrocartilaginous, contains collagen II, and is derived from cartilage. After birth, the outer annulus differentiates into fibrocartilage (Hayes et al., 1999) . In this study, the intervertebral disc ␣11 staining appears in what looks like outer annulus fibrosus, since the staining does not coincide with that of collagen II. Annulus fibroblasts are in contact with a matrix containing collagens I and III as well as fibronectin and have previously been shown to express ␣5␤1 integrin (Hayes et al., 1999 ). ␣11␤1 appears to be a major collagen binding integrin on annulus fibroblasts in the immature embryonic intervertebral disc. It will be interesting to determine whether ␣11␤1 is needed for the integrity of the adult intervertebral disc and whether ␣11␤1 is important in repair situations following disc injury.
␣11 chain is also highly expressed in keratocytes of the embryonic cornea. In cornea, like in the intervertebral disc, collagens are organized into very precise bundles in a multilayer arrangement (Meek and Fullwood, 2001 ). In immunoprecipitation assays, adult human corneal fibroblasts as well as skin fibroblasts and fibrosarcoma cells expressed the ␣11 subunit, indicating an expression restricted to mesenchymal cells also in vitro.
In summary, ␣11␤1 is highly pressed in mesenchymal cells in vitro, and in vivo on fibroblasts at sites where collagens are arranged in a highly ordered manner. It is still unknown how the organization of collagens in cornea and intervertebral disc occurs, but it has been suggested that the organization of collagen matrices during development is driven by cellular interactions (Harris et al., 1981; Stopak and Harris, 1982) . In the intervertebral disc, arranged sheets of annulus fibroblasts precede the ordered collagen bundles (Hayes et al., 1999) . In corneal fibroblasts, cytoskeletal stress fibers are needed for matrix reorganization in vitro (Mar et al., 2001) . We suggest that ␣11␤1 is involved in the ordered collagen matrix organization in both these tissues.
Lack of ␣11 Expression in Embryonic Myogenic Cells in Vivo
We originally identified ␣11 in myotube cultures from human fetal muscle cells and satellite cells (Gullberg et al., 1995b; Velling et al., 1999) . During in vitro myogenic differentiation, ␣11 mRNA and ␣11 protein are upregulated in these myogenic cells (Velling et al., 1999) in a manner similar to ␣7 during in vitro myogenesis of rodent cells (Song et al., 1992) . ␣11mRNA can furthermore be detected in adult skeletal muscle by Northern blotting. Collectively, these data led us to suggest that ␣11 is involved in human myogenesis. However, the lack, or low expression, of ␣11 mRNA and protein in developing human embryonic muscle in vivo, described in this study, does not support a role for ␣11 during early myogenesis. The integrin ␣ chain(s) present in embryonic and fetal human muscle, which thus lacks ␣7 (Cohn et al., 1999) and ␣11 integrin chains, remain to be identified. Possible candidates include ␣v (Hirsch et al., 1994) and/or ␣5 (Gullberg et al., 1995a; Roman and McDonald, 1992; Sastry et al., 1996; Taverna et al., 1998) integrin chains.
We cannot completely exclude that part of the ␣11 expression in the embryonic perichondrial regions represent muscle attachment points. However, the remaining skeletal muscle tissue, as well as cardiac tissue, lack ␣11 expression at the studied developmental stages. We have previously observed also that the ␣1 integrin chain on human fetal muscle cells is upregulated by the in vitro culture conditions (Gullberg et al., 1995b) . In the case of ␣1, this upregulation might be related to the reported presence of binding sites for serum response elements within the integrin ␣1 promoter (Obata et al., 1997) . Another possibility is that ␣11 expression in muscle could be spatially and temporally regulated in a complex manner so that ␣11 is   FIG. 6 . Integrin levels in stably transfected cell lines. Untransfected (C2C12), ␣2-transfected (C2C12-␣2ϩ), and ␣11-transfected (C2C12-␣11ϩ) cells were metabolically labeled, immunoprecipitated with antibodies to integrin ␤1 chain (␤1) or ␣11 chain (␣11), and analyzed by SDS-PAGE followed by autoradiography. Untransfected cells lack characteristic 180-kDa integrin ␣1 chain and ␣11 chain (lanes 1, 2). ␣2-transfeccted cells analyzed under nonreducing (lanes 3, 4) and reducing (lanes 8, 9) conditions. ␣11-transfected cells analyzed under nonreducing (lanes 5, 6) and reducing (lanes 10, 11) conditions. Note that nonspecific band at 240 kDa in lane 8 is also present in precipitate formed using preimmune serum.
only expressed in certain muscle cells at different times during development. Yet another alternative is that ␣11 in muscle is largely involved in repair situations occurring during muscle regeneration. The induction during in vitro culture could reflect a sensitivity to growth factors present in serum, mimicking factors present during muscle regeneration.
In Vitro Analysis of ␣11␤1 Integrin Function
Ability to contract collagen matrices. When comparing ␣2 and ␣11 expression levels in the transfected C2C12 cells by immunoprecipitation of metabolically labeled integrins, a number of factors have to be taken into account, including heterodimer stability and ␤1 chain availability. We have no data to indicate that ␣2 or ␣11 expression depletes ␤1 chain from other integrin heterodimers, since cell adhesion to fibronectin and different laminin variants was unaffected in both ␣2-and ␣11-transfected cells (data not shown). Although unlikely, it is formally possible that transfection of ␣11 could act indirectly by inducing another collagen-binding integrin, or alternatively, affect the activity of other collagen-binding integrins. In metabolically labeled ␣11-transfected cells, we were, however, unable to detect ␣1, ␣2, or ␣10 integrin chains. The availability of function-blocking ␣11 integrin antibodies will finally resolve this matter. Comparison of the amount of ␣2 and ␣11 chains coprecipitating with ␤1 chain revealed somewhat higher levels of ␣2 chain coprecipitating with ␤1 and direct quantitative comparisons of ␣2␤1 and ␣11␤1 activities in the different assays is thus not possible.
Interestingly, although the introduction of either the ␣2 integrin chain or ␣11 integrin chain into C2C12 cells strongly enhanced collagen gel contraction, the untransfected C2C12 cells were able to autocontract in the absence of added factors and the absence of detectable integrin receptors for monomeric collagen I. In contrast, cell adhesion and cell migration on collagen I was strictly dependent on the presence of ␤1 integrin collagen receptors. It is likely that during the longer time period used for the collagen contraction assay, ␤1 integrin-independent mechanisms for collagen gel contraction are activated. The ability to con- tract collagen gels in some situations can be accomplished by induction of collagenases and exposure of RGD binding sites to be used by ␣v␤3 (Jones et al., 1997) . This mechanism might be of importance in provisional wound matrices with high ECM turnover. In other locations, like the cornea and intervertebral disc, it might be important to keep the collagen fibrils intact to ensure normal tissue functions. In these situations, ␤1 integrin receptors interacting directly with the collagen fibrils without inducing collagenases are likely to be important. PDGF and FBS have been shown to induce collagen gel contraction by using a number of cell lines. It will be interesting to determine the molecular mechanism whereby FBS and PDGF mediate these actions using ␣2-and ␣11-transfected cells. Another potential candidate receptor involved in the ␤1 integrin-independent collagen gel contraction is the discoidin domain receptor DDR1 (Vogel et al., 1997) . A characteristic feature of DDR1 is the slow kinetics by which collagens induce the tyrosine kinase activity of these receptors. Developing mice express DDR1 binding activity in forming cartilage and mice devoid of DDR1 are smaller in size (Vogel et al., 2001) . Interestingly, low levels of DDR1 expression in C2C12 have been noted and inhibition of DDR1 with a dominant negative DDR1 mutation inhibited differentiation (Vogel et al., 2000) . Considering the slow kinetics of DDR1 kinase activity, it is thus possible that DDR1 mediate the ␤1 integrinindependent contraction of collagen gels in C2C12 cells.
Ligand specificity of ␣11␤1. Recent studies have indicated that ␣1␤1 and ␣2␤1 integrins both recognize the GFOGER motif in collagen type I (Knight et al., 2000) whereas the binding of ␣1␤1 to collagen IV occurs by a different mechanism (Eble et al., 1993) . Comparison of ␣1␤1 and ␣2␤1 integrin binding to collagen I and collagen IV has suggested that ␣1␤1 binds collagen IV with higher affinity than collagen I whereas ␣2␤1 displays a somewhat higher affinity for collagen I then collagen IV (Dickeson et al., 1999; Kapyla et al., 2000; Kern et al., 1994; Tuckwell et al., 1995) . In support of this, ␣1 integrin null fibroblasts show a reduced adhesion to collagen IV compared with wild-type fibroblasts, whereas the adhesion to collagen I is similar in both types of fibroblasts (Gardner et al., 1996) . This can be explained by the presence of other collagen I receptors, such as ␣11␤1, on the ␣1 integrin null fibroblasts. It will be important to determine the collagen recognition motif of ␣11␤1. Cell migration. A functional link between the ECM and the cytoskeleton is important for successful cell migration. Recent analysis of ␤1 integrin dynamics in stationary live cells using GFP-tagged integrins has shown that in stationary cells the intracellular integrin-cytoskeleton linkage in focal contacts is static whereas the extracellular integrin-ECM contacts are dynamic (Smilenov et al., 1999; Zamir et al., 2000) . In migratory cells, on the other hand, GFP-tagged integrins formed a firm attachment with the ECM at the leading edge. During embryonic development, mesenchymal cells encounter a matrix rich in interstitial collagens and fibronectin. In addition to being able to interact and remodel this matrix, it is essential that cells can move through this matrix. Lack of fibronectin results in prominent mesodermal defects (George et al., 1993 ). ␣11␤1 appears to be one of the receptors well suited for the task of moving through a collagen-rich ECM. In both collagen gel contraction and cell migration, ␣11␤1 was found to be more sensitive to PDGF than FBS, whereas the opposite was true for ␣2␤1. This is the first indication that ␣2␤1 and ␣11␤1 use different signaling pathways.
Gene inactivation through homologous recombination in transgenic mice should shed light on the possible functions of ␣11 chain in cell adhesion, cell migration, and matrix reorganization in mesenchymal cell lineages.
